Introduction
A major goal for stem cell research and its clinical applications is to derive high quality human pluripotent stem cell (hPSC) lines that recapitulate in culture the properties of epiblast cells from human blastocyst embryos. Recent developments in derivation and culture conditions have allowed establishing so-called naive pluripotent hPSCs, which mimic closely the in vivo state on multiple levels like gene expression and differentiation potential. An epigenetic hallmark associated with naive pluripotency in female mouse cells is the reactivation of the X-chromosome and it was believed that this would be also the case for human naive cells. However, new evidence accumulates showing that the situation is not quite as simple. In this perspective, we describe the latest developments on this question and focus in particular on two recent studies by Sahakyan et al. and Vallot et al. (1, 2) , as they describe for the first time in detail the X-chromosome state of naive hPSCs. They provide important ground-work for studying human X-chromosome dynamics in vitro and for using the epigenetic X-chromosome state as a diagnostic tool for further refining the culture conditions of naive hPSCs.
Defining the in vivo X-chromosome states in mouse and human
In mammals, the presence of 2 X-chromosomes in females but one X-and one Y-chromosome in males creates a potential imbalance in gene dosage of X-linked and autosomal genes between males and females (3). X-chromosome inactivation (XCI) of one X in females is the canonical way, how mammals deal with this problem in somatic cells (4) . It is mediated by the master regulator of XCI, the long non-coding RNA Xist (5) (6) (7) , giving rise to one active and one inactive X-chromosome (XaXi). This differential X-chromosome state is associated with specific properties such as active chromatin configuration and X-linked gene expression from the Xa, and in contrast coating of the Xi by Xist RNA, which induces structural changes of the X-chromosome and leads to gene silencing and accumulation of epigenetic silencing marks such as DNA methylation and the histone modification H3K27me3 (8, 9) . Recent in vivo studies however (10, 11) have shown differences in the mechanisms between mice and humans to achieve X-chromosome dosage compensation during preimplantation development (summarized in Figure 1 ). In mouse, first imprinted XCI is observed on the paternal X-chromosome, which gets progressively inactivated during preimplantation development. Then, X-chromosome reactivation (XCR) takes place in the epiblast of blastocysts at embryonic day (E)4.5; resulting in two active X-chromosomes (XaXa), while imprinted XCI is maintained in the extraembryonic primitive endoderm (PE) and trophectoderm (TE) Editorial X-chromosome activity in naive human pluripotent stem cellsare we there yet? Figure 1 X-chromosome state during female mouse and human embryonic development. Based on in vivo studies, the diagram shows the dynamics of X-chromosome activity (active, inactive and dampened states), XIST-RNA expression (no, mono-allelic or bi-allelic) and pattern of overall X-linked gene expression levels (represented as grey area). Both in mouse and humans, epiblast cells of pre-implantation blastocyst are in a state of naive or ground state pluripotency, while cells of post-implantation epiblast are in primed state of pluripotency.
XCR, X-chromosome reactivation; XCI, X-chromosome inactivation; Xa, active X; Xi, inactive X; Xd, dampened X-chromosome. lineages (5, 12) . XCR is followed by random XCI in the post-implantation epiblast, giving rise to one active and one inactive X-chromosome (XaXi) (4, 13) .
In humans however, recent in vivo studies of preimplantation blastocysts showed drastic differences in X-chromosome state compared to mouse, based on RNA-FISH and allele-specific single-cell RNA-Seq analysis (2, 10, 11) . Imprinted XCI does not occur during preimplantation development; instead, X-chromosome gene expression first increases during cleavage stages from E3 to E4 and then gradually decreases until E7 (blastocyst stage) in all three blastocyst cell lineages epiblast, PE and TE. Instead of imprinted XCI like in the mouse, where one X-chromosome is inactivated by Xist, human X-chromosome dosage compensation is achieved by lowering of gene expression from both X-chromosomes by half, defined as dampening of X-chromosome gene expression (10, 11) . The dampening mechanism is yet unclear, but also might involve XIST RNA, which is expressed from both X-chromosomes in this case. However, unlike during XCI, this does not result in accumulation of the H3K27me3 silencing mark. Therefore, we propose that in human females, X-chromosome activity in cells of the blastocyst could be represented as Xd XIST+ Xd XIST+ (d stands for dampened) compared to Xa Xist− Xa Xist− (in epiblast) and Xa Xist− Xi Xist+ (in 8 While mice undergo XCR in the epiblast in order to be able to switch from imprinted to random XCI, little is currently known about the transition from dampened X-dosage compensation to random XCI in the human post-implantation embryo and how this compares in terms of kinetics and mechanism to the mouse. Nevertheless, a partial shift from bi-allelic to mono-allelic X-linked gene expression in late human blastocysts has been observed, which might indicate the onset of that switch towards XCI (2) .
The X-chromosome in mouse and human PSCs in vitro
The knowledge gained about the X-chromosome state from mouse and human embryos in vivo can serve as a blueprint, of what to expect from high quality pluripotent stem cells cultured in vitro. Epiblast cells from the inner cell mass (ICM) of blastocysts are the source of pluripotent embryonic stem cells (ESCs), which in mice reflect the naive or ground state of pluripotency thus called naive pluripotent cells (FBS/LIF or 2i/LIF culture conditions) (14, 15) . Postimplantation epiblast cells and their in vitro equivalent epiblast stem cells (EpiSCs) are in a so-called primed pluripotent state because they are primed for differentiation (FGF2/activin A culture conditions). In the mouse, differential X-chromosome states are indicators of these different cell potency states-XaXa for the naive pluripotent and XaXi for the primed pluripotent and differentiated cell states ( Figure 1 ). However, in human the situation is a lot more complex since hESCs derived from preimplantation blastocysts grown under conventional culture conditions similar to mouse EpiSCs (FGF2/activin A), do not display the X chromosome state of human preimplantation epiblast cells in vivo (XdXd) and rather share molecular and functional properties with mouse post-implantation epiblast (14, 15) . For these so-called primed pluripotent hESCs, three distinct X-chromosome states have been described and categorized into classes ( Table  1) : class I as Xa XIST− Xa XIST− (same as mESCs), class II as Xa XIST− Xi XIST+ and class III as Xa XIST− Xe XIST− (Xe stands for an eroded Xi state, where XIST expression has been lost followed by a partial erosion of gene silencing accumulating over time) (16) (17) (18) (19) . As recapitulation of an in vivo-like naive pluripotent state is a major goal for human stem cell research and its potential clinical application, efforts have been made to convert primed hESCs to a naive-like state, both by transgene-and cytokine-mediated approaches using different culture conditions (see Table 2 ) (20) (21) (22) (23) (24) (25) (26) .
Based on the loss of XIST expression and the associated loss of H3K27me3 accumulation from the Xi, first studies suggested that naive hESCs reflect the mouse XaXa state thus being class I cells (20) (21) (22) (23) (24) . However, as mentioned above, the majority of human blastocyst cells in vivo (~90% of total population) show two dampened X-chromosomes with bi-allelic XIST expression (Xd XIST+ Xd XIST+ ), which we classify here as class IV cells ( Table 1) , while the remaining cells display various states from no to mono-allelic XIST expression (10, 11) . Therefore, if female human naive pluripotent stem cells were to reflect the in vivo situation regarding their X-chromosome status, they should be distinct from the class I mouse-like state (Xa XIST− Xa XIST− ) but should rather be predominantly cells of class IV with bi-allelic XIST-RNA coating and a reduction of X-linked gene expression from both chromosomes by dampening (Xd XIST+ Xd XIST+ ) (10,11). These fundamental differences regarding the X-chromosome state between mouse and human naive pluripotent cells in the blastocyst in vivo have redefined the gold standard, to which truly naive human ESCs in vitro should be compared. In that regard, two recent studies published in Cell Stem Cell provide for the first time a detailed characterization of the X-chromosome state class* (see Table 1 ) Interestingly, X-linked DNA-methylation was erased more rapidly than autosomal methylation marks, suggesting active DNA-demethylation during XCR being mechanistically distinct from the slower global demethylation. After passage 7 of culture in 5iLAF, XIST expression became upregulated, with cells expressing XIST mono-allelically from one X-chromosome being the dominant population (~95% of cells Xa XIST− Xa XIST+ -in here we categorize them as class V cells) ( Table 1 ). The prevalence of class V cells was also found by the second study on the subject by Vallot et al. (2) published in the same issue. Therefore, the most striking difference between human pre-implantation blastocysts and 5iLAF-cultured cells is the balance between class IV and class V cells: while the majority (~90%) of cells from blastocysts in vivo are of class IV (Xd XIST+ Xd XIST+ ) with biallelic XIST expression, only 5% 5iLAF cultured hESCs reached the class IV "gold standard" as judged by RNA-FISH (28% when using more sensitive single-cell RNA-Seq). However, when hESCs were directly derived from human blastocysts under 5iLAF naive culture conditions, the proportion of class IV cells increased from 5% to 30%. XIST-upregulation in naive hESCs was accompanied by X-linked gene dosage compensation, when comparing X-linked gene expression levels between XIST-positive and XIST-negative naive hESCs. As X-linked genes were still bi-allelically expressed in XIST-positive cells, dosage compensation did not occur through X-inactivation but rather by dampening of expression, similar to the process observed in blastocysts in vivo (11) . Interestingly, this bi-allelic X-dampening occurred even though XIST was predominantly mono-allelically expressed in naive hESCs. This raises the question, if and how XIST can play a direct role in the dampening process, as at least during X-inactivation, XIST acts solely in cis by coating and thereby silencing the X-chromosome from which it is expressed (8, 9) . Furthermore, despite reactivation of X-linked genes, naive UCLA1 cells cultured in 5iLAF displayed H3K27me3-enrichment on the XIST-expressing X-chromosome (1), differing from results of other studies (including Vallot et al.) of naive human cells in vitro and in vivo, where H3K27me3 was not enriched on the XISTexpressing X-chromosome(s) (2, 10, 20, 23) . Taken together, these findings confirm that naive hESCs cultured in 5iLAF (and 4iLA) conditions recapitulate some of the characteristics attributed to human pre-implantation blastocyst cells, as they support the XIST-expressing XaXa state (mostly class V, Xa XIST− Xa XIST+ ). XCR has been also achieved under t2iL+Gö naive culture conditions (1, 2, 23, 30) , however XIST-expression was most consistently observed in 5iLAF (1, 26, 31) . Additional improvements in culture conditions will still be necessary to fully recapitulate the in vivo X-chromosome state of the human blastocyst (class IV, Xd XIST+ Xd XIST+ ) in hESC cultures. Furthermore, it will need to be clarified, if the dampening mechanism of X-linked gene expression is strictly XIST-dependent, since predominantly mono-allelic XIST expression can lead to bi-allelic dampening of X-linked gene expression in class V (Xd XIST− Xd XIST+ ) hESCs (1) .
Epigenetic memory in naive hPSCs
Random XCI is a key characteristic of differentiated cells both in normal development and during in vitro culture. Thus, mESC differentiation in vitro recapitulates the changes X-chromosome state observed in vivo, resulting in a randomly selected active X and an Xist-expressing inactive X (Xa Xist− Xi Xist+ ). However, conventionally derived/ primed hESCs after differentiation either don't show XCI or maintain the XCI status of the original primed undifferentiated hESCs (16) (17) (18) . In their study, Sahakyan et al. first tried to differentiate 5iLAF cultured naive UCLA1 cells directly but failed due to extensive cell death. Therefore, as an alternative strategy (Figure 2) , they readapted naive cells before differentiation transiently to primed culture conditions (re-priming), resulting in two active X-chromosomes without XIST expression (Xa XIST− Xa XIST− , class I). Differentiation of naive cells via this intermediated stage showed XIST expression in about 80% indicate that it is not yet clear, to which degree dampening occurs on both X-chromosomes, when XIST is only expressed on one X. ESC, embryonic stem cell. Xa, active X; Xi, inactive X; Xd, dampened X-chromosome.
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Intermediate state of the cells with the majority of them undergoing XCI and XIST-mediated gene silencing, indicating that prepriming is a critical step to faithfully achieve XCI when differentiating naive hESCs. Interestingly, allele-specific expression analysis of primed, naive and re-differentiated hESC hiPSC lines displayed non-random XCI with the same X as in the original primed cells being inactivated upon differentiation (1) . Thus, although XCR and transient XIST-downregulation occurred during establishment of naive hPSCs, the epigenetic memory of the previous X-inactivation state did not get erased, as it would normally occur in the germ cell lineage in vivo or in mouse pluripotent stem cells. This can be due to two reasons: Either the 5iLAF culture conditions are not yet optimized enough to capture the true epigenetic ground state in naive hESCs, which would include erasure of X-inactivation memory. Alternatively, the lack of X-inactivation memory erasure could reflect the absence of a need to erase imprinted XCI in the human blastocyst's epiblast in contrast to the situation in mice since X-inactivation memory only needs to be erased in humans in the germ cell lineage in vivo. Additional studies on further optimizing naive hESC culture conditions could shed more light on this. Nevertheless, culture of epigenetically abnormal primed UCLA9 and UCLA4 hESCs of eroded Class III XCI-status in 5iLAF medium followed by differentiation via re-priming led to proper XCI, something which could not be achieved without the naive culture step (1, (16) (17) (18) . This shows that 5iLAF naive conditions are able to at least partially "cure" epigenetic abnormalities present in primed hESCs or hiPSCs. At least transient naive culture conditions could be therefore an important step when preparing high quality hPSCs for therapeutic applications.
XACT lncRNA-a marker for active and naive X-chromosome states
The study by Vallot et al. (2) focused predominantly on the role of the lncRNA XACT, which is linked to the active state of the human X-chromosome (32, 33) . In this paper, the authors show that XACT is co-expressed with similar kinetics to XIST from both X-chromosomes in human preimplantation embryos, suggesting initial transcriptional co-regulation of the two genes during early stages. After segregation of the three initial cell lineages epiblast, PE and TE, XIST and XACT became expressed more differentially, with biallelic co-expression in female epiblast and PE, however inconstant/decreasing XACT expression in TE, in which XIST remained bi-allelically expressed. XACT can form a RNA cloud similar to XIST and coats the single active X-chromosome in males and one or two X-chromosomes in female blastocysts. When co-expressed with XIST, the XACT RNA-domain is usually mutually exclusive with the XIST RNA-domain on the same X-chromosome with very little overlap. In female naive hESCs, XACT was consistently expressed from both X-chromosomes, mimicking the situation of pre-implantation epiblast in vivo. A previous study from the same group (32) suggested a potential role for XACT during erosion of X-chromosome silencing in primed hESCs, as XACT coating was an early mark of the eroding chromosome. Indeed, when XACT, which is a human-specific gene, was introduced as a transgene in mESCs on the mouse X-chromosome, Xist-upregulation after differentiation was biased towards the non-XACTharbouring chromosome, suggesting that XACT might have an influence on X-inactivation choice in this transgenic context. It would be interesting to know, if XACT also plays a role in preventing of X-inactivation in hPSCs and early embryos, when it is co-expressed with XIST from the same X-chromosome and if this might contribute to X-chromosome dampening instead of XCI at these stages. Deletion studies of XACT on the human X-chromosome will be needed, to unequivocally demonstrate its role during human X-inactivation choice and/or in counteracting the silencing function of XIST in naive hESCs and early embryos.
Conclusions
The studies by Sahakyan et al. (summarized in Figure 2 ) and Vallot et al. (1, 2) have significantly added to our understanding of the X-chromosome state in naive hESCs in vitro with respect to embryonic development in vivo. They have shown that 5iLAF culture conditions can convert primed to naive pluripotent hESCs with an X-chromosome state similar to pre-implantation blastocysts. The differences in dominant cell type between 5iLAF cultured naive cells (class V) and pre-implantation blastocysts (class IV) and the retention of epigenetic memory resulting in non-random XCI upon differentiation shows that further improvements of in vitro culture conditions will be necessary for better recapitulation of normal development. Furthermore, this work has now well proven that the X-chromosome state for naive hESCs is different from the one in mESCs; therefore, we believe the terms 'naive' and 'primed' as defined for mouse pluripotent stem cells cannot be used as a guideline to define hESCs anymore. Now, the naive pluripotent ground state reflecting the human pre-implantation blastocyst could be characterised as: presence of two active X-chromosomes expressing XIST with reduction of X-linked gene expression from both chromosomes by dampening (Xd XIST+ Xd XIST+ ), absence of X-specific accumulation of the repressive histone modification mark H3K27me3, reduction in DNA-methylation and expression of the lncRNA XACT from one or both active X-chromosomes. Thus, the future in the field lies in further pursuit of in vitro culture conditions that mimic closely an X-chromosome state, which is found in the human pre-implantation blastocyst epiblast.
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